A signal turnover system is an essential component of many genetic regulatory mechanisms. The best-known example is the ubiquitin-dependent protein degradation system that exists in many organisms. We found that Agrobacterium tumefaciens adopts a unique signal turnover system to control exiting from a quorum-sensing mode. A. tumefaciens regulates Ti plasmid conjugal transfer by a quorum-sensing signal, N-3-oxo-octanoyl homoserine lactone (3OC8HSL), also known as Agrobacterium autoinducer. By using Tn5 mutagenesis and a functional cloning approach, we identified two genes that are involved in switching from a conjugal quorum-sensing mode to a nonconjugal mode at the onset of stationary phase. First, we located attJ, which codes for an IclR-type suppressor that regulates the second gene attM. The latter encodes a homologue of N-acylhomoserine lactone (AHL)-lactonase. Mass spectrometry analysis shows that the enzyme encoded by attM is an AHL-lactonase that hydrolyzes the lactone ring of 3OC8HSL. In wild-type A. tumefaciens, attM expression is initially suppressed by AttJ but significantly elevated at the stationary phase accompanied a sharp decline in 3OC8HSL. DNA gel retardation analysis shows that AttJ specifically binds to the promoter that controls AHL-lactonase expression. Mutation of attJ resulted in constitutive production of AHL-lactonase that abolishes 3OC8HSL accumulation and Ti plasmid transfer. These data suggest that A. tumefaciens has a sophisticated multicomponent quorumsensing signal turnover system, allowing the cell to sense a change in growth and adjust cellular activities accordingly.
B
acterial cells are able to sense and respond to a change of their population by communication with small signal molecules. This cell-to-cell communication mechanism is now generally known as quorum sensing (1) . Most of the quorum-sensing signals identified so far in Gram-negative bacteria are Nacylhomoserine lactones (AHLs), which contain the same homoserine lactone ring but differ in the length and structure of the acyl chain (2) (3) (4) (5) . The AHL-mediated quorum-sensing systems regulate diverse biological functions ranging from bioluminescence (2), Ti plasmid conjugal transfer (4, 6) , virulence (7) (8) (9) , biofilm formation (10), antibiotics production (11) , and swarming mobility (12) . Studies during the past few years have outlined how bacterial cells enter the quorum-sensing phase. Initially, each cell in the bacterial population produces a basal level of the diffusible AHL by way of the activity of AHL synthase (13) (14) (15) . At a sufficiently high population density, the accumulated AHL interacts with a transcription regulator, usually a member of the LuxR proteins, to form a complex that acts to trigger the expression of target genes (16) (17) (18) . In consequence, bacterial cells switch to a new biological process. However, little is known of how bacterial cells exit the quorum-sensing phase.
Plasmid transfer in a bacterial population is usually a transient process, which ends within hours (19) . The quorum-sensingdependent Ti plasmid conjugal transfer system of the plant pathogen Agrobacterium tumefaciens seems to be an excellent model to study how bacterial cells enter and exit from quorumsensing mode for a particular biological process. In the presence of opine, the conjugation inducers, A. tumefaciens produces a diffusible conjugation signal that promotes conjugation (20) .
The signal was later identified as N-(3-oxooctanoyl)-L-
homoserine lactone (3OC8HSL), also known as Agrobacterium autoinducer (4) . In conjunction with the transcription factor TraR, 3OC8HSL positively regulates the expression of genes required for Ti plasmid transfer (Tra genes) (4, 6, 13, 21) . Growth phase of donor cells is very important in determining the efficiency of Ti plasmid transfer. A. tumefaciens donor cells initiate Ti plasmid transfer at the midlag phase, maximize at the midexponential phase, and stop at the stationary phase (22) . Our preliminary experiment found that production of 3OC8HSL in donor cells displays the same growth phase-dependent pattern; the concentration of 3OC8HSL in culture decreases dramatically when bacterial cells enter stationary phase. These data suggest that bacterial cells might exit from the quorum-sensing phase by terminating biosynthesis of 3OC8HSL or eliminating the 3OC8HSL quorum-sensing signal or both.
In this study, we have identified a gene, designated previously as attM (23) , which encodes a homologue of the AHL-lactonase encoded by aiiA (24, 25) . The enzyme encoded by attM inactivates 3OC8HSL quorum-sensing signals by hydrolysis of its homoserine lactone ring. Furthermore, we present evidence that attM is negatively controlled by a transcription factor, AttJ, a homologue of the IclR family. Expression of the AHL-lactonase is growth phase-dependent. Its expression is enhanced substantially when A. tumefaciens bacterial cells enter the stationary phase; the enzyme degrades 3OC8HSL and terminates the conjugation-related quorum sensing.
Materials and Methods
Bacterial Strains, Plasmids, and Growth Conditions. A. tumefaciens strains A6, K588, NT1 (traR, tra::lacZ749), and K749 were used in this study. A6 is a wild-type strain, in which 3OC8HSL production and Ti plasmid conjugal transfer are induced by octopine (20) . K588, with pTiB6S3Tra c in the genetic background of C58C1 (pTi
, is constitutive in 3OC8HSL production and Ti plasmid conjugal transfer. NT1 (traR, tra::lacZ749) is an AHL biosensor strain (6) . The conjugation recipient strain K749 (pTi Ϫ , pAt
) is a derivative of strain C58 (20) . Unless otherwise stated, Escherichia coli DH5␣ was used as a host for DNA cloning. E. coli M15 (pREP4) from Qiagen (Chatsworth, CA) was used as the host strain for protein expression. The plasmid pREP4 constitutively expresses the Lac repressor protein encoded by lacI and thus provides tight control of the tac promoter-mediated transcription (Qiagen). A. tumefaciens strains were grown at 28°C in YEB (5 g/liter yeast extract͞10 g/liter tryptone͞5 g/liter NaCl͞5 g/liter sucrose͞0.5 g/liter MgSO 4 ⅐7H 2 O, pH 7.0), or in BM medium [basic minimal (BM) nutrient with mannitol (0.2%) added as sole carbon source] (20) . When necessary, glucose or sucrose was added to Abbreviations: 3OC8HSL, N-3-oxo-octanoyl homoserine lactone; AHL, N-acylhomoserine lactone; RT, reverse transcription; BM, basic minimal; ESI, electrospray ionization.
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replace mannitol as sole carbon source. Octopine at a final concentration of 0.2 mg͞ml was added to the BM medium when required. E. coli strains were grown at 37°C in LB medium (per liter contains 10 g Bacto-tryptone͞5 g yeast extract͞10 g NaCl, pH 7.0). Antibiotics were added at the following concentrations when required: kanamycin, 50 g͞ml; tetracycline, 5 g͞ml (A. tumefaciens), or 10 g͞ml (E. coli); rifampin, 50 g͞ml; streptomycin, 100 g͞ml; ampicillin, 100 g͞ml. X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (Promega) was included in media at 50 g͞ml for detection of ␤-galactosidase activity.
Tn5 Insertion Mutagenesis of A. tumefaciens. Transposon Tn5 carried by the suicide plasmid pSUP10 (26) in E. coli SM10 was introduced into the genome of A. tumefaciens strain A6 as described (27) , except that after mating the bacterial suspensions were spread onto BM plates containing kanamycin for selection of tranconjugants. Control protein samples were denatured by boiling for 3 min before reaction. An aliquot of reaction mixture was collected at different times and the reaction was stopped by boiling. The remaining 3OC8HSL in the reaction mixture was determined as described (24) . The Ti plasmid conjugal transfer assay was performed with the drop-mating method as described (20) .
Cosmid Library Construction of Mutant Strain M103. A cosmid library of mutant M103 was constructed with the cosmid vector pLAFR3. Total DNA of M103 was partially digested with EcoRI, then the 20-to 30-kb fragments were purified from low-melting-point agarose gel as described (24) . After ligation of the purified fragments with the EcoRI-linearized vector pLAFR3, the ligation mixture was packaged with Gigapack III XL Packaging Extract (Stratagene) and then transfected to E. coli DH5␣.
Reverse Transcription (RT)-PCR Analysis. Strains A6 and M103 were grown in BM medium to exponential growth phase (12 h after inoculation). Total RNA was isolated from A. tumefaciens as described (28) and then the RNA sample was treated with RNase-free DNase I to remove any contaminating DNA. The cDNA samples of the attK-attL-attM operon were prepared from strains A6 and M103, respectively, by using a primer complementary to the 3Ј end of attM RNA and a reverse transcriptase. One microgram of RNA sample was added in the RT reactions at a final reaction volume of 20 l. A 2-l aliquot of the synthesized cDNA was used as PCR template with relevant PCR primers in a 50-l reaction volume. The RNA samples were used as control in PCR to verify the absence of DNA contamination. PCR was conducted by using the PCR Core Kit as recommended (Qiagen).
Protein Expression and Purification. The attJ coding sequence was amplified by PCR with primers: 5Ј-CTCGG ATCCA TGGGC CAAAG GGGCC AA-3Ј and 5Ј-AACTG CAGCT AGTCT TTCTG CGATC-3Ј, then fused into 6 ϫ His tagging expression vector pQE-9 (Qiagen) by BamHI and PstI digestion. We then transformed the resultant construct pQE-AttJ into expression host strain E. coli M15 (pREP4) after sequencing confirmation. The isopropyl ␤-D-thiogalactoside-induced E. coli M15 (pREP4, pQE-AttJ) cells were collected by centrifugation, and the cellfree extracts were prepared by ultrasonification (29) . The cellfree extracts were applied to the Ni-NTA affinity column for purification of (His) 6 -AttJ as recommended (Qiagen).
The AHL-lactonase encoded by attM was expressed and purified by using GST Gene Fusion System (Amersham Pharmacia). The AHL-lactonase coding sequence was amplified with primers 5Ј-TCCCC CGGGA GTGAC CGATA TCAGA CTT3Јand 5Ј-TCGGA ATTCT TACGC GTAAA ATTCG GG-3Ј, then fused into expression vector pGEX-2T digested by SmaI and EcoRI. The construct pGST-attM was verified by DNA sequencing and transferred to the host E. coli BL21 (DE3). The AHL-lactonase was purified as described (29) , and the AttJ polyclonal antibody was raised in rabbit according to standard procedures.
Gel Retardation Assay. The 214-bp putative AttJ-binding promoter region, corresponding to 791-1003 of the attJ-attM operon (see Fig. 5A ), was amplified by PCR with primers 5Ј-CGGGA TCCAT GCACT TTCCT TGACA C-3Ј (forward) and 5Ј-CGGAA TTCGA TGATC ATCGA GTTGG C-3Ј (reverse). After sequencing confirmation, the purified PCR product was labeled at the 3Ј end with [␣-32 P]dCTP by Klenow enzyme. The DNA-binding reaction was conducted as described (30) . The reaction samples were separated by electrophoresis at 4°C on a 4.5% native polyacrylamide gel in 2ϫ TAE buffer (80 mM Tris⅐acetate͞2 mM EDTA, pH 8.0). After electrophoresis, the gel was dried before detection of AttJ-promoter DNA complex and free DNA fragments by autoradiograph.
HPLC and Electrospray Ionization (ESI)-MS Analysis. 3OC8HSL digestion by AHL-lactonase and the subsequent HPLC analysis and ESI-MS characterization have been described (25).

Results
Mutation of attJ Gene Abolishes 3OC8HSL Production. To search for the genes involved in regulation of quorum-sensing signal biosynthesis and signal turnover in A. tumefaciens, we screened for 3OC8HSL-deficient mutants of A. tumefaciens strain A6 generated by Tn5 random insertion, with the AHL biosensor strain A. tumefaciens NT1 (traR, tra::lacZ749) (6). Of 1,600 Tn5 mutants tested, three showed no, or a reduction, in 3OC8HSL accumulation. One of the mutants, M103, which was completely deficient in 3OC8HSL accumulation (3OC8HSL Ϫ ) and Ti plasmid transfer (Tra Ϫ ), was selected for further study. On the basis of the kanamycin resistance conferred by Tn5, we identified the clone pBM103 that contains a 11-kb EcoRI DNA fragment including Tn5 (Fig. 1) . Sequence analysis indicates that the Tn5 insertion is located at the att gene region, which is involved in attachment of A. tumefaciens cells to plant cells (23, 31) . The exact Tn5 insertion site is at a position corresponding to the 43rd base pair of the 828-bp encoding sequence of attJ gene of strain C58 (GenBank accession no. U59485). Sequence comparison suggests that attJ is homologous to members of the iclR negative transcription regulator gene family (30, 32) . AttJ shares 25-30% identity with other members of the IclR family (32, 33) . attJ ؊ Mutant Expresses 3OC8HSL Inactivation Enzyme. How does a Tn5 insertional mutation in the negative transcription factor AttJ cause 3OC8HSL signal deficiency? One possibility is that a target gene(s) involved in 3OC8HSL degradation is negatively regulated by the transcription factor AttJ. To test this hypothesis, we prepared total protein samples from early-exponential-phase cultures of strains M103 and A6 and incubated them with 3OC8HSL. As shown in Fig. 2 , the total protein extracted from M103 inactivated 3OC8HSL progressively, whereas that from A6 and the denatured total proteins of M103 showed no or very weak enzyme activity, respectively, suggesting that the attJ Ϫ mutant M103 expresses an enzyme responsible for 3OC8HSL degradation.
Cloning of attM Coding for the 3OC8HSL Inactivation Enzyme. It is plausible that the gene coding for 3OC8HSL inactivation is located at the vicinity of the attJ gene. Because the E. coli strain harboring clone pBM103 did not show any 3OC8HSL inactivation activity (Fig. 1) , it seems that the gene for 3OC8HSL inactivation is not in the immediate vicinity of attJ. We then constructed a cosmid library of the mutant M103 with insert size ranging from 20 to 35 kb, and screened for cosmid clones containing Tn5. We identified two cosmid clones, pLA-M103-1 and pLA-M103-4, which contain Tn5 and confer 3OC8HSL inactivation function (Fig. 1) . Further subcloning of the cosmid clone pLA-M103-1 narrowed down the region to a 1.5-kb PstI fragment contained in clone pBM103-1-4 ( Fig. 1) . Sequence analysis and deletion analysis identified one ORF that encodes 3OC8HSL inactivation in clone pKM103-1-5 (Fig. 1) . The ORF starts with GTG, which has 21 more base pairs in front of the predicted attM-coding region of A. tumefaciens strain C58 (GenBank accession no. U59485) (23, 31) . The predicted protein contains seven more amino acids at the N-terminal region than the reported AttM protein, which was apparently an annotation error and has been corrected at the recently released genome sequence of A. tumefaciens strain C58 (http:͞͞www.ncbi.nlm. nih.gov͞PMGifs͞Genomes͞micr.html).
The product of attM is predicted to be a 264-aa protein with a calculated M r of 29,302. Sequence comparison indicates that attM and aiiA (24) share 24.8% identity at the DNA level and 31.3% at the peptide level. In addition, the two enzymes share a conserved motif, HXDHϷ60 aaϷH (data not shown), which was proven essential for enzyme activity (24) . To analyze how the enzyme encoded by attM inactivates 3OC8HSL, we digested 3OC8HSL with the purified enzyme encoded by attM (Fig. 2) and analyzed the reaction products with HPLC and MS. The enzyme digestion of 3OC8HSL resulted in only one product with a retention time at 5.3 min (Fig. 3A) . The control experiment with the AHL-lactonase encoded by aiiA showed the same result (data not shown), suggesting that the enzyme encoded by attM is likely to be an AHL-lactonase. We collected the enzymedigested product fraction of 5.3 min from HPLC for ESI-MS analysis. Fig. 3B shows that molecular mass of 3OC8HSL (M-H ion m͞z 240) was increased by 18 after AHL-lactonase digestion, which is identical with that of the same substrate after digestion by the AHL-lactonase encoded by aiiA (25) . These data confirm that the attM encodes an AHL-lactonase that hydrolyzes the homoserine lactone ring of 3OC8HSL to produce N-(3-oxooctanoyl)-L-homoserine (M-H ion m͞z 258).
Sequence Analysis of the attJ Upstream Region. We determined the DNA sequence of the region containing attJ and attM of A. tumefaciens strain A6, which has been submitted to the GenBank database (accession no. AY052389). The sequence has 98% identity at the nucleotide level with the same region of strain C58 (31) . As shown in Fig. 4A , between attJ and attM, two other ORFs, known as attK and attL, exist (31) . As reported, attK and attL share 65.7% and 35.8% identities at the peptide level, respectively, with the genes for succinic semialdehyde dehydrogenase and alcohol dehydrogenase of E. coli (31) . Sequence analysis of the attK-attL-attM fragment indicated that the sequences TCTAAT and TTGGCC at positions Ϫ10 and Ϫ35 upstream of the attK-coding sequence, match to the TATAAT and TTGACA promoter regions of E. coli, respectively. The ribosomal binding sequence SD (GGAG) is located 6 bp upstream of the start codon ATG (Fig. 5A) . However, these promoter elements, except the SD sequence, have not been found either upstream of attL or attM. Besides, the distances between the ORFs of attK and attL, and that of attL and attM are either very small or overlapping (Fig. 4A) . It is likely that attK, attL, and attM are the components of one operon and are subjected to the control of the common promoter located upstream of attK.
AttJ Negatively Regulates Its Upstream Operon. We used RT-PCR to test whether attK, attL, and attM belong to the same operon and to analyze the mechanism of gene regulation. We prepared total RNA samples from exponential cultures of strains M103 and A6, and then prepared cDNA fragments by using a primer specific to the terminal region of the attM gene. As shown in Fig.  4A , we designed three sets of PCR primers for amplification of attM, attL-attM, and attK-attL-attM, respectively. Data in Fig. 4B show that in strain M103 these three genes and their combination gene blocks can be amplified from the same cDNA sample, indicating that the three genes comprise one operon. In contrast, RT-PCR products were hardly detectable when the cDNA sample from the early exponential culture of strain A6 is used (Fig. 4B) , demonstrating that AttJ suppresses the expression of its upstream operon in the wild-type strain of A. tumefaciens.
To determine whether transcription factor AttJ could specifically bind to the putative promoter DNA fragment, we conducted a gel retardation assay with purified AttJ protein. We amplified the attK promoter DNA fragment as shown in Fig. 5A , and labeled it with isotope (see Materials and Methods). The result shows formation of the labeled AttJ-[attK promoter] complex when AttJ was added in concentrations ranging from 10 to 100 nM in the reaction mixture (Fig. 5B) . To test the binding specificity of AttJ, we used the unlabeled attK promoter and the lacZ gene promoter from the cloning vector pGEM-7zf(ϩ) as competitors in gel retardation analysis. Addition of the unlabeled attK promoter DNA to the reaction mixture significantly reduced the formation of the labeled AttJ-[attK promoter] complex, whereas the unrelated lacZ gene promoter failed to compete against the labeled attK promoter probe (Fig. 5B) .
AHL-Lactonase Expression Is Growth Phase-Dependent. We determined AHL-lactonase activities at different growth phases of bacterial culture. Fig. 6A shows that strains A6, K588, and M103 have a similar growth pattern; bacterial cells grew exponentially until about 18 h after inoculation when they moved into stationary phase. AHL-lactonase activities of strains A6 and K588 dramatically increased when growth entered stationary phase (Fig. 6B) . Correspondingly, in strain K588, 3OC8HSL concentration was decreased significantly after entering the stationary phase (Fig. 6C) . Besides mannitol, we also tested glucose and sucrose as the sole carbon source in BM medium and observed a similar AHL-lactonase expression pattern (data not shown). Therefore, it is unlikely that catabolite repression is involved in control of the AHL-lactonase expression. We were unable to quantify 3OC8HSL production in strain A6 because it failed to produce 3OC8HSL in liquid culture (20) . In contrast, the attJ Ϫ mutant strain M103 shows a high level of 3OC8HSL inactivation throughout all growth phases, suggesting that AHL-lactonase is constitutively produced, inactivates 3OC8HSL, and abolishes quorum-dependent 3OC8HSL biosynthesis (Fig. 6C ).
Discussion
The best-known signal-turnover system is perhaps selective protein degradation (i.e., ubiquitin-dependent protein degradation), which is almost always a component of genetic regulatory mechanisms that are involved in developmental control. Timely degradation of protein signals and other component proteins is of critical importance to many biological processes, such as cell cycle progression, circadian rhythms, and embryogenesis (34) . In this study, we show that A. tumefaciens adopts a signal-turnover system to exit from quorum-sensing-dependent Ti plasmid conjugal transfer. The system, targeting a small AHL quorumsensing molecule rather than proteins, comprises at least an AHL degradation enzyme encoded by attM, and a negative transcription factor AttJ. Expression of attM, which is controlled by the negative transcription factor AttJ at the early stages of growth, is enhanced significantly when bacterial growth enters stationary phase, likely because of the relieving AttJ control by an unidentified factor(s). Identification of this growth phasedependent AHL quorum-sensing signal-turnover system provides a logical explanation for the early finding that Ti plasmid conjugal transfer in A. tumefaciens occurs from midlag phase of bacterial growth and stops when bacterial cells enter stationary phase (22) . This is an example of a quorum-sensing signal turnover system that controls bacterial cells exiting from the quorum-sensing mode.
The attM gene shows similarity to aiiA, the gene encoding an AHL inactivation enzyme (24) , at both nucleotide and peptide sequence level. Similar to AiiA, it contains a conserved motif ''HXDHϷ60aaϷH'' which was proven essential for enzyme activity (24) . More recently, it has been shown that the enzyme encoded by aiiA is an AHL-lactonase, which inactivates AHLs by hydrolyzing the ester bond of the homoserine lactone ring (25) . By HPLC and MS analysis, we showed that attM encodes an AHL-lactonase, which hydrolyzes AHLs and produces Nacylhomoserines.
Our results show that AHL-lactonase expression is under control of the negative transcription factor AttJ. Genetic and biochemical data demonstrate that attM, attK, and attL genes comprise one transcriptional unit that is negatively regulated by AttJ. AttJ is a member of the IclR negative transcription factor family. In E. coli, adaptation to growth on acetate or fatty acids requires the induction of the aceBAK operon, which includes genes coding for isocitrate lyase (aceA), malate synthase (aceB), and isocitrate dehydrogenase kinase-phosphatase (aceK). Expression of aceBAK is repressed by IclR (35) and activated by integration host factor in the presence of acetate (36) . The binding site of the IclR repressor protein, which is a palindromic repeat of 7 nt separated by 1 nt (TGGAAAT ϫ A͞gTTTCA͞g), was identified at the Ϫ35 element region of the promoter of aceBAK (35) . We showed that AttJ binds to the promoter of attK-attL-attM operon, but did not find a nucleotide sequence with obvious homology to the IclR-binding site sequence. Because AttJ shares only about 25% identity with IclR, it is probable that the two repressors target different nucleotide sequences.
We showed that AttJ suppresses expression of AHL-lactonase before bacterial cells of A. tumefaciens enter stationary phase. Apparently, the suppression is relieved when bacterial cells enter the stationary phase. Consequently, AHL-lactonase initiation leads to elimination of 3OC8HSL signal molecules. AttJ is constitutively expressed throughout all growth phases (H.B.Z., unpublished data), suggesting that another factor(s) is involved in control of attM expression at the stationary phase. We tested whether 3OC8HSL accumulation in culture triggers expression of AHL-lactonase. Supplementation of 3OC8HSL in medium at a final concentration of 50 M and 100 M, however, did not enhance expression level of AHL-lactonase or 3OC8HSL inactivation during the exponential growth phase of strain K588, indicating that another factor is involved in control of attM.
The quorum-sensing turnover system in A. tumefaciens may not be a unique case. The quorum-sensing signal of Erwinia carotovora, N-(oxohexanoyl)-L-homoserine lactone, was significantly decreased when bacteria moved into stationary phase (37) . The diffusible signal factor of Xanthomonas campestris, which is required for pathogenicity, accumulates in early stationary phase and its level subsequently declines sharply (38) . Although genetic components of quorum-sensing signalturnover systems in different bacterial species may be varied, the effective control of quorum-sensing signal turnover may be a common mechanism in different bacterial quorum-sensing systems.
AttJ and AttM were reported to be involved in attachment of A. tumefaciens cells to plant cells (31) . The att gene cluster contains 33 genes. Mutants of 24 att genes showed a nonattachment phenotype and decreased virulence, although the exact role of each att gene product in attachment has not been identified (31) . Genetic analysis indicated that Ti plasmid conjugal transfer between A. tumefaciens bacterial cells does not require the vir system that is essential for T-DNA transfer from A. tumefaciens Ti plasmid to plant cells (39, 40) . However, T-DNA transfer is a multistep process requiring expression of at least three genetic components each consisting of many genes (41) . It is possible that a certain degree of coordination is required for the maximal efficiencies of Ti plasmid conjugal transfer and T-DNA transfer.
